Long-term Preservation of Blood
Dr H Lehmann (Medical Research Council Abnormal Ha?moglobin Research Unit, Cambridge) Blood Transfusion Requires Blood Storage About the beginning of the century Landsteiner discovered the human blood groups responsible for compatibility or non-compatibility of different human bloods. Transfusion lost its most serious hazard and became a procedure with a reliable prospect of success. The problem now was to maintain the blood in a fluid state, without hemolysis, after it had been taken from the donor and before it was administered to the recipient. In 1914 and 1915 workers from Belgium, the United States and the Argentine independently reported the use of sodium citrate as an anticoagulant. The principle was that calcium, an essential catalyst for blood coagulation, was made chemically unavailable in the form of calcium citrate. It is perhaps surprising that with the vast numbers of serious casualties of World War I so little use was made of transfusion, although all the basic principles were available. In this country, it was only in 1939 that stored blood came into routine use. Times have greatly changed in less than a quarter of a century and, for example, at Addenbrooke's Hospital, Cambridge, in 1963 no fewer than 5,200 bottles of blood were transfused. Attention has been given to all the more important aspects of blood transfusion. Storage requires a careful choice of container and much work has been carried out on glass bottles, their shape, the nature of the glass and the procedures of washing; now the introduction of plastic bags has been proceeding at a rapid rate and they are universally used in the Services.
Anticoagulants
From the point of view of the chemist, perhaps the most important aspect is the choice of a suitable anticoagulant. Ever since its introduction in 1914, citrate has been the anticoagulant most widely used. If we assume that the blood content of one container is 420 ml, one gram of disodium citrate would be just enough to prevent coagulationbut only just, because with one gram it is necessary to agitate the container all the time whilst collecting the blood. In practice, 2 g is used.
There is a limit to the amount of citrate which can be used. Already, at present, when a large amount of citrated blood is transfused the surplus citrate which, on blood collection, did not combine with calcium, will then bind the circulating calcium in the patient and do him harm by what is loosely called citrate poisoning.
Other anticoagulants are ethylene-diaminetetra-acetic acid (EDTA) and heparin. EDTA acts like citrate by inactivating the calcium, and it is some ten times as potent as citrate for this purpose. About 300 mg of the sodium salt are sufficient to stop 500 ml of blood clotting, although the optimal level is something like 0-75-1 5 g per 500 ml. A great advantage of EDTA is that it is an excellent anticoagulant for platelets; on the other hand it has a definite nephrotoxic effect in animals and it may therefore have some toxic effect in man as well.
Heparin is now widely used, particularly when large numbers of bottles of blood are administered in extracorporeal surgery with the heartlung-machine and with the artificial kidney. The advantage of heparin is that it does not interfere with the calcium stores of the body; the disadvantages are that its action is limited and not fully predictable, that it wears off, and that when its inactivation by protamine is required this cannot always be very carefully gauged.
Deterioration ofBlood on Storage
Once anticoagulated blood has been provided for transfusion the problem arises as to how long one can wait for the blood to be administered. When blood is stored in the refrigerator the enzyme content of the red cells falls. The fundamental mechanism for red cell life is the breakdown of glucose and, of the various pathways of glucose breakdown, the essential one for the red cell is anaerobic glucolysis to lactic acid. Lohr & Waller (1962) believe that the critical factor in red cell ageing is the loss of the hexokinase activity. Hexokinase is the enzyme which phosphorylates glucose using adrenosine triphosphate (ATP) as a source of energy. It was Maizels who found in 1941 that the improved preservation of red cells stored with glucose was, in fact, due to the higher levels of ATP and diphosphoglyceric acid in these cells. Further work has confirmed these observations as a whole but not in detail; thus Mollison and Robinson found in 1959 that the viability of cells is not strictly related to their ATP content and that after restoring ATP to the cells their glucose utilization may still be quite inefficient. It might be supposed that storage outside the body in a refrigerator would slow down this metabolic deterioration and permit the cells to be kept far beyond their normal life span. Unfortunately this is not so. There is a progressive loss of viability in stored red cells so that after three weeks' storage about a quarter of them are removed from the body within twenty-four hours of transfusion. There is evidence that what might be called the 'storage lesion' is not the same as the ageing process in vivo. Gabrio & Finch (1954) have in fact demonstrated that, after storage in the refrigerator, young red cells were found to be more damaged than old cells. Rapoport (1961) has examined enzyme levels after ageing in vitro and in vivo. He followed the fate of no less than 33 different enzymes which he found in the red cell and noted some interesting differences, for example the dehydrogenase for glyceraldehyde falls very rapidly in vivo but is maintained in vitro. On the other hand the enzyme aldolase falls very quickly on storage but is well maintained in red cells ageing in vivo. An important feature of the storage lesion is that the cells are outwardly unaffected and one cannot look through the microscope and state whether cells have been damaged chemically or not. Correctly stored blood will show no hemolysis even after five weeks yet after transfusion about half the cells will have been removed from the recipient's circulation before one day has passed. The remaining cells, incidentally, will have a much better life span and they will show complete reversal of the biochemical lesion once they have survived the first twenty-four hours in the recipient's circulation.
There have been attempts to revitalize blood by adding inosine and various other purine derivatives, either before the blood was put down for storage, or after it had been stored for three weeks. These procedures have mostly been impractical because so much of the purire 4erivatives is necessary that after transfusion the recipient will form uric acid from these, and he may well be given so much that he becomrs susceptible to gout and anaemia. It is only fair to say that experiments have been going on in which smaller amounts of these purine derivatives have been added successfully.
The Importance ofStorage Temperature The temperature of blood storage is, of course, most important. Careful work carried out by Parpart et al. (1947) and Gibson et al. (1947) led to the conclusion that the best temperature for blood storage of red cells lies somewhere between +4°C and + 10°C. It is important that once blood has been stored at a given temperature there should be no great fluctuations. Strumia showed in 1954 that the freezing point of ACD blood is just below O°C, at about -0 5°C and that one could lower the storage temperature further by supercooling and could maintain unfrozen blood at a temperature of 3°C. This is of some interest because the cooler the blood the lower is the metabolic activity. The lower the metabolic activity, the lower is the amount of glucose required. It is advantageous to keep the glucose concentration as low as possible. Glucose enters the cells and makes them swell. Hence one could lessen the slightly damaging effect of glucose by using the fact that less glucose is required when the storage temperature is lower. Lowering ofStorage Temperature It is possible to lower the temperature of blood storage even further than -3C by adding glycerol to the blood. Hughes-Jones (1958) studied the effect of lowering storage temperatures well below freezing point by this method and there was no doubt that in the range from +100 to -20°C the preservation of the red cells was better the lower the temperature.
Rate ofcooling: Strumia et al. (1956) came to the conclusion that a greater viability was maintained by red cells of blood which was cooled to about +2°C within half to one hour after it was taken from the donor. Faster rates of cooling and perhaps, unfortunately, slower rates give slightly poorer results. In this country the practice is that blood takes about ten hours or so to reach storage temperature depending how far it is from the cold store, and if there is a refrigerated van for transport or not.
Whatever the anticoagulant used, whatever the rate of freezing, whatever the slight variation in temperature round about the freezing point, blood stored by the conventional methods will not be suitable for transfusion for more than three weeks after it has been taken.
Storage ofBlood Well Below Freezing Point
The most urgent problem in blood storage is to overcome the wastage arising from the rapid decline of its biological value. Attempts to improve biochemical processes to such an extent that ageing does not take place have yielded some important theoretical results but they have not really been of any practical value. More interest has therefore been taken in recent years in physical measures. Chemical reactions causing ageing depend on temperature, and lowering of temperature should counteract them. However, as mentioned before, lowering of the temperature to something like +40C has not very much effect; so most of the recent work has been concerned with storing of blood well below freezing point.
There are two different types of cell damage which occur on freezing: one occurs when cells are frozen slowly and the other when cells are frozen more rapidly. When freezing proceeds slowly, ice crystals form outside the cell where they continue to grow and to withdraw water both from within and without the cell until all the water which can be frozen has been removed; the cells then collapse without any mechanical injury and can be seen to be lying between these large crystals. This slow freezing takes place when the blood is placed in a conventional deep-freeze refrigerator. When freezing proceeds rapidlyfor example by immersion into a freezing mixture at, say,-70°C or belowthe crystals tend to form at random both outside and inside the cells, and the intracellular crystals will cause irreversible damage.
This physical damage can be prevented when slow freezing is applied, but this process causes chemical damage. The more water the growing crystals remove from the solution the higher becomes the concentration of the solutes. In mammalian cells the process continues without any hindrance until about nine-tenths of the water has become ice. The remainder, the onetenth which never forms pure water crystals is what is technicially termed 'tightly bound' water. The highly concentrated solution of solutes in this water acts upon the red cells. The cell death which accompanies slow freezing is therefore not due to mechanical damage from ice crystals but arises from the denaturing effect of highly concentrated solution of salts and other solutes (Meryman 1960 , Lovelock 1954 . It has been doubted whether this high osmotic concentration in general is the only cause of the chemical damage which the red cells experience during slow freezing. It may be that concentrated cholesterol very specifically affects the lecithine/cholesterol ratio in the membrane and causes it therefore to become brittle. GlycerolProtection Against Damage by Slow Cell Freezing Protection to red cells against chemical damage occurring on slow freezing is afforded by adding glycerol, because glycerol can lower the percentage of water that freezes and thereby raise the proportion of tightly bound, unfrozen water from 10 % to 25 % or more, and the salt concentration will no longer be so high as to cause irreversible damage. One mol of glycerol binds about three of water and it was already found in 1949 by Polge, Smith & Parkes that glycerol could protect spermatozoa from bulls against freezing injury and Smith reported in 1950 that the same was applicable to red cells. Glycerol is not the only agent which can protect cells on slow freezing by raising the proportion of unfrozen water, but others, particularly dimethylsulphoxide, have been found too toxic to be useful for purposes of storing blood required for transfusion into patients. The problem of glycerolized blood is that if glycerolized cells are transfused into a patient or mixed with plasma they will tend to be hlmolysed. Glycerol has, therefore, to be removed gradually from the red cells before they can be administered. This is at present a timeconsuming procedure, and it may under certain circumstances require also very expensive and complicated machinery. Such highly efficient but also highly complicated machinery has been produced by the Protein Foundation ofthe United States which adapted the Cohn fractionator to the removal of the glycerol, an apparatus which was originally designed by Cohn for separating blood and plasma into their different components. This particular differentiation of various proteins in blood and plasma is now mostly produced by ethanol precipitation in the cold and it was thought that this fractionator might still be used for washing glycerol out of red cells. If it is only possible to speed up this process of deglycerolization, prolonged storage of red cells by freezing with glycerol would become the method of choice.
Preservation by Rapid Freezing
The high solute concentration which damages red cells on freezing does so by chemical reactions, and such reactions require time and depend on temperature. It should be possible to counteract this type of injury by lowering the tempera-14 ture so much that the reaction comes to a standstill, and to reach this low temperature so speedily that there is no time for damage. This can indeed be achieved and when small samples of red cells packed in thin metal containers are, for example, immersed into a -70°C cooling mixture the time is too short for all the free water to leave the cells and to form extracellular crystals. However, the intracellular ice crystals formed under these conditions will damage the cells physically. Thus rapid freezing by-passes the chemical damage by high intracellular solute concentration but causes the physical damage by which cells are disrupted by intracellular ice crystals.
Ultra-rapid Freezing By speeding the cooling still further from a rapid to an ultra-rapid speed it can be arranged that the intracellular crystals have no time to grow to any appreciable size and remain too small to cause much physical damage. Dangerous intracellular crystal growth occurs between 0°and -50°C (Luyet & Hartung 1941 , Strumia 1949 . In ultrarapid freezing this temperature is passed within a few thousandths of a second, and the way to achieve this is to immerse very small samples into liquid nitrogen which has a temperature of -1960 C. To enable the freezing to proceed so speedily the samples have to be very small, otherwise heat conduction will require a longer time than a few milliseconds. Luyet & Hartung (1941) spread an erythrocyte film on a cover slip and immersed this into liquid nitrogen. Meryman & Kafig (1955) sprayed tiny droplets into liquid nitrogen because these have a maximal surface: volume ratio.
Protection against Damage by Rapid Freezing
This ultra-rapid procedure requiring milliseconds can be extended to 15-20 seconds when sugars are added to the blood. This allows the freezing of larger bulks than thin blood films or minute droplets of less than 1 mm in diameter. The effective thickness of a drop of blood or of a layer of blood could be raised to 4 mm provided sugars of various types or even small-molecular carbohydrates such as dextran or polyvinylpyrrolidone (PVP) are present. Florio et al. (1943) used 1000 glucose, Strumia et al. (1960) used 0 5 molar (about 10%) mixtures of lactose and glucose. Early in 1960 a study of the freezing of red cells in liquid nitrogen was undertaken at the request of the Director General of the Army Medical Services and the beneficial effect of glucose and, better still, sucrose was independently observed. Blood was mixed with EDTA and then with 0-5 vol. of 4000 (w/v) of sucrose (Huntsman et al. 1960) . It was noted that the blood group antigens were unaffected. Two years' experience in the keeping properties of blood frozen in this way has now accumulated (Huntsman et al. 1962 (Huntsman et al. , 1963 . There is an almost perfect preservation of blood group antigens, but the concentrations of the enzyme aldolase which is known to fall rapidly on storage at +4°C also decreases even at -196°C. This fall in enzyme activity is of course very much less rapid at the temperature of liquid nitrogen than at +4°C, yet after two years only 50% of the original activity was present.
